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Edited by Miguel De la RosaAbstract A novel ferritin cDNA, SferH-5, has been cloned
from 7-day-old soybean seedlings. Putative SferH-5 has 96%
identity with SferH-1 reported previously. All the ﬁve amino acid
variants distributed in the mature region are not involved in
highly conserved residues associated with ferroxidase activity
center. We speculate that SferH-5 encodes a novel 26.5-kDa
subunit of soybean seed ferritin, which is designated H-5 in this
study. Recombinant H-5 was able to assemble, together with
co-expressed H-2, as a functional soybean seed ferritin-like com-
plex, H-5/H-2. Our data reveal the potential heterogeneity of the
26.5-kDa subunit of soybean seed ferritin.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Soybean seed ferritin is a model for studying the structure
and function of plant ferritin [1–8]. Ferritin from dried
soybean seed is made of two subunits of 26.5 and 28 kDa
[3,7], designated H-1 and H-2, respectively [7]. H-1 and H-2
were previously thought to originate a common precursor of
32 kDa [2,5], and subsequently clariﬁed to be two distinct sub-
units encoded by SferH-1 (M64337) and SferH-2 (AB062754),
respectively [7]. In comparison with their individual precursors
of 32 kDa, H-1 is lack of the N-terminal TP domain and the
C-terminal E helix consisting of 16 amino acid residues,
whereas H-2 is devoid of the N-terminal TP domain only [7].
So far, four diﬀerent ferritin genes, including SferH-1 and
SferH-2, have been reported in soybean. The other two genes
are also presumed to encode chloroplast precursors, i.e.,
SferH-3 (Q948P6) and SferH-4 (Q948P5). Recently, a ﬁfth
cDNA clone, SferH-5 (EF055891), has been isolated from
7-day-old seedlings. Based on its high homology to SferH-1
(96%), and highly conserved residues (in its deduced amino
acid sequence) involved in ferroxidase activity and nucleation
of iron (III), we speculate that SferH-5 encodes a novel 26.5-*Corresponding author. Fax: +86 25 83324605.
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1Those authors contributed equally to the paper.
0014-5793/$32.00  2007 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2007.11.049kDa subunit of soybean seed ferritin, which is designated
H-5 in this study. However, whether or not the putative H-5
subunit is able to assemble, together with the H-2 subunit, as
a functional soybean seed ferritin-like complex has not sub-
stantially determined.
To address the above question, here we report that recombi-
nant H-5 subunit co-expressed with the H-2 subunit is able to
assemble as a soybean seed ferritin-like H-5/H-2 complex,
which displays signiﬁcantly (P < 0.05) higher iron (II) uptake
activity and greater iron (III) storage capacity than the previ-
ously reported recombinant H-1/H-2 complex [9].2. Materials and methods
2.1. Cloning of full-length cDNA of the novel soybean ferritin gene,
SferH-5
Total RNA was extracted from 7-day-old soybean seedlings using
TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). The ﬁrst strands
of cDNAs were synthesized from 5 lg of total RNA using oligo(dT)
primer and SuperScript II Reverse Transcriptase (Invitrogen, Carlsbad,
CA, USA). Primers P1 (5 0-ATTACCCATTTGGTTATTTCGCCC-3 0)
and P2 (5 0-CTATTCAAGATTAAGCAGCAT-3 0) (Fig. 3, lower
panel) were designed according to the sequence of SferH-1, and used
to amplify the full-length cDNA of SferH-5. PCR was performed using
high ﬁdelity thermostable polymerase Pyrobest (TaKaRa, Dalian,
China). The resultant cDNA, which encoded the full-length amino acid
sequence of SferH-5 (Fig. 1A), was cloned into pMD18-T vector
(TaKaRa, Dalian, China) and determined by DNA sequencing.
2.2. Transcription analysis of the novel soybean ferritin gene SferH-5 in
developing seeds
Fresh 25-day-old seedswere harvested from soybeanplants grown in a
glasshouse. Total RNA extraction and cDNA synthesis was performed
using the above-mentioned methods. The primers used for screening
SferH-5 were 5 0-CTGTTTCTCTGAGCTTTGC-3 0 (forward) and
5 0-AACCCTTCTCAACTGAGCCAC-30 (reverse), which generated a
571-bp PCR product. The primers used for amplifying soybean actin
gene-3 (SActin-3, V00450) were 5 0-GTTCTCTCCTTGTATG-
CAAGTG-3 0 (forward) and 5 0-CCAGACTCATCATATTCACCTT-
TAG-3 0 (reverse), which generated a 658-bp PCR product. The PCR
program for both of them is as follows: 95 C for 3 min, followed by
26 cycles consisting of 94 C for 30 s, 57 C for 30 s and 72 C for 45 s,
and a ﬁnal extension at 72 C for 10 min.
2.3. Construction of two recombinant plasmids, pHis6-H-5P and pHis6-
H-2-H-5, respectively expressing the premature H-5 subunit and
soybean seed ferritin-like H-5/H-2 complex
For the construction of pHis6-H-5P (Fig. 3, upper panel), the
DNA sequence encoding the premature H-5 subunit (28 kDa, corre-
sponding to the precursor homed in chloroplast) was ampliﬁed by
PCR using primers P3 (5 0-TGCGGATCC GACGACGACGACAAG  blished by Elsevier B.V. All rights reserved.
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ACCTTCTCAACTGAGCCAC-3 0) (Fig. 3, lower panel). The result-
ing DNA fragment, which was devoid of the TP sequence, was
inserted between the BamHI and XhoI sites in pET28a (Novagen,
Madison, WI, USA), thus generating recombinant pHis6-H-5P. In
pHis6-H-5P, the premature H-5 subunit was expressed in N-terminal
His-tagged fusion form. To facilitate the removal of the fused His-
tagged partner, an additional DNA sequence, which encoded an
enterokinase (EK) cleavage site, was embedded at 5 0 end of P3
(framed).
For the construction of pHis6-H-2-H-5 (Fig. 3, middle panel), the
DNA sequence encoding the mature H-5 subunit was ampliﬁed by
PCR using primers P5 (5 0-CGCCATATGTCAACGGTGCCTCTC-
ACT-3 0) and P6 (5 0-CAGCTCGAGTTACCTTCTCAACTGAGC-
CAC-3 0) (Fig. 3, lower panel). The resultant DNA fragment, which
was lack of its TP sequence and C-terminal 16 residues, was inserted
between the NdeI and XhoI sites in pHis6-H-2-H-1 described previ-
ously [9], thus generating recombinant pHis6-H-2-H-5. In pHis6-H-
2-H-5, H-2 was expressed in N-terminal His-tag fusion form and H-5
in native form. For the release of intact H-2, an EK recognition site
was introduced between His-tag and H-2.
2.4. Expression and puriﬁcation of recombinant premature H-5 subunit
and soybean seed ferritin-like H-5/H-2 complex
Recombinant pHis6-H-5P and pHis6-H-2-H-5 were transformed
into BL21 (DE3) (Novagen, Madison, WI, USA), respectively. Upon
induction of IPTG, recombinant premature H-5 and soybean seed fer-
ritin-like H-2/H-5 complex were expressed, and puriﬁed using two
rounds of Ni2+ aﬃnity chromatography in combination with His-
tagged EK digestion at interval as described previously [9], respec-
tively.
2.5. In vitro conversion of recombinant premature H-5 subunit from 28 to
26.5 kDa
Soybean endogenous proteins were extracted from 200 mg of soy-
bean leaves as described previously [7]. Ten microlitres of soybean leaf
extract was added to the premature H-5 subunit (28 kDa, 15 lg each).
After incubation at 28 C for 10, 20, 30, 45 and 90 min, respectively,
the mixture was resolved by 12% SDS–PAGE and the Coomassie
Blue-stained gel was photographed and quantiﬁed using Grab-it 2.5
and Gelwork 3.01 (UVP; Upland, CA, USA).Fig. 1. Alignments of the deduced amino acid sequence of SferH-5 with t
precursors. (A) The alignment of the amino acid sequence of SferH-5 with tha
to form the ferroxidase center. (B) Multiple amino acid sequence alignments
alignments were performed using Clustal X 1.83. Fourteen diﬀerent ferritin s
accession numbers with exceptions of SferH-1 and SferH-5. Asterisks indicate
to SferH-1) are situated.2.6. Iron (II) uptake analysis and iron (III) storage capacity of
recombinant soybean seed ferritin-like H-5/H-2 complex
The apoferritin was obtained as recombinant H-5/H-2 using the
methods described previously [10]. Recombinant H-1/H-2 was used
as a control, which was prepared previously [9]. Iron (II) uptake mea-
surement was performed according to the protocol described by Masu-
da et al. [7]. The absorbance of diﬀerent samples was measured at
310 nm using a UV spectrophotometer (U3000; Hitachi, Tokyo,
Japan).
Iron (III) storage capacities were estimated by an iron (III) satura-
tion experiment described previously [11]. Following incubation with
FeCl3 [0.4 mM, equivalent to 22.34 mg/ml iron (III)] at 4 C for
18 h, iron-storage capacities of diﬀerent samples (each 50 mg/l) were
examined by analyzing the amount of unbound iron (III) using ICP
atomic emission spectrometry (IRIS/AP spectrometer; Thermo Jarrell
Ash, Franklin, USA).3. Results
3.1. Cloning of the novel soybean ferritin gene SferH-5 and its
deduced amino acid sequence
The full-length cDNA of SferH-5 was obtained during the
cloning of the cDNA of SferH-1. To eliminate the possibility
that the novel cDNA clone was just a natural SferH-1 mutant
or a false clone introduced by base mismatch, three indepen-
dent cDNA libraries were constructed, and ﬁve independent
clones for each were sequenced. As a consequence, six were
found to be of SferH-5, whereas nine to be of SferH-1. Thus,
we cloned the novel ferritin gene, SferH-5.
In the primary structure, SferH-5 has 96% identity with
SferH-1. A total of 10 amino acid variants were found, ﬁve dis-
tributed in the TP region, and the remaining ﬁve positioned in
the mature region (Fig. 1A). Three (T-10ﬁ S, G-22ﬁ D, and
Q-24ﬁ L) of the ﬁve variant residues distributed in the TP
region were also found in other plant ferritin subunit precur-
sors (Fig. 1B). The ﬁve variant residues distributed in thehose of previously reported SferH-1 and other plant ferritin subunit
t of SferH-1. The arrows indicate the residues that have been proposed
of SferH-5 with other plant ferritin subunit precursors. The multiple
ubunit precursors were expressed as the corresponding SWISS-PROT
the columns where the 10 amino acid variants in SferH-5 (as compared
Fig 1. (continued )
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dues constituting iron (II) ferroxidase center (Fig. 1A).
3.2. The novel soybean ferritin gene SferH-5 is actively
transcribed in developing seeds
Transcription of SferH-5 in the 25-day-old soybean seeds
was conﬁrmed by RT-PCR using the SferH-5-speciﬁc primers.As the last two nucleotides (GC, underlined) at 3 0 end of the
forward primer for screening SferH-5 are absent in the corre-
sponding sites of the cDNA of SferH-1, the cDNA of SferH-5
is selectively ampliﬁed in the presence of the cDNA of SferH-1.
The abundance of mRNA of SferH-5 was estimated by nor-
malizing it to that of SActin-3. The ratios of the intensities
of PCR products of SferH-5 to those of Sactin-3 remained
Fig. 2. Representative transcription analysis of SferH-5 in fresh
soybean seeds by RT-PCR. Total RNA was extracted from the 25-
day-old soybean seeds. The cDNA synthesis and PCR analysis was
conducted as described in Section 2. The cDNA template was diluted
up to eightfold (1.1 lg of cDNA was used as the initial template) and
soybean actin gene-3 (SActin-3) was used as internal reference. The
experiments were independently repeated for three times.
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dilutions of PCR template (Fig. 2 and data not shown), indi-
cating that SferH-5 is actively transcribed in the developing
seeds.
3.3. Preparation of recombinant premature H-5 subunit and
soybean seed ferritin-like H-5/H-2 complex
His-tagged premature H-5 subunit and His-tagged H-5/H-2
complex were puriﬁed by Ni2+ aﬃnity chromatography. Fol-
lowing the cleavage of N-terminal His-tagged partner by His-
tagged EK [12], intact premature H-5 subunit and intact
H-5/H-2 complex were recovered by a second round of Ni2+
aﬃnity chromatography, respectively.
Recombinant prematureH-5 subunit migrated as an expected
approximate 28-kDa band in SDS–PAGE (Fig. 4A). Recombi-
nant H-5/H-2 complex appeared as two expected approximate
28-kDa and 26.5-kDa bands in SDS–PAGE (Fig. 4B) and a sin-
gle band in native PAGE, this latter migrating with the same
mobility as that of recombinant H-1/H-2 complex (Fig. 4C)
[9]. These data indicate that recombinant H-5 subunit can spon-
taneously assemble, together with H-2, into a large heteropoly-
mer (24-mer).
3.4. In vitro conversion of the novel soybean seed ferritin subunit
H-5 from 28 to 26.5 kDa
Recombinant premature H-5 subunit was incubated with
soybean leaf extract. Prior to incubation, premature H-5 re-
mained in its 28-kDa form; however, it was degraded quickly
following the addition of soybean leaf extract (Fig. 5A).
Ninety minutes later, the majority (92%) of the 28-kDa H-5
was converted into the 26.5-kDa H-5 (Fig. 5B), and 2 h later,
the original 28-kDa H-5 completely disappeared (data not
shown). These results show that recombinant premature H-5
subunit can be converted into the mature form of 26.5 kDa
by soybean leaf extract.
3.5. Recombinant soybean seed ferritin-like H-5/H-2 complex
exhibits signiﬁcant iron (II) uptake activity and iron (III)
storage capacity
Recombinant H-5/H-2 complex was estimated for its iron
(II) uptake activity. The reaction catalyzed by recombinant
H-5/H-2 displayed a more sharply ascending curve than
recombinant H-1/H-2. Ten minutes after incubation, the
ABS310 value of recombinant H-5/H-2 complex reached0.2061, whereas that of recombinant H-1/H-2 complex
mounted up to 0.1764 only (Fig. 6). Therefore, recombinant
H-5/H-2 complex exhibited signiﬁcantly (P < 0.05) higher iron
(II) uptake activity than recombinant H-1/H-2 complex.
Iron (III) storage capacity of recombinant H-5/-H-2 complex
was examined by an iron (III) saturation experiment. Iron (III)
storage capacity of recombinant H-5/H-2 complex was 4495
while that of recombinant H-1/H-2 complex was 4237 [the
number of iron (III) atom/per molecular of apoferritin] (Table
1). Thus, recombinant H-5/H-2 complex displayed signiﬁcantly
(P < 0.05) greater iron (III) storage capacity than recombinant
H-1/H-2 complex.4. Discussion
Ferritin puriﬁed from dried soybean seed resolves into two
subunits of 28 and 26.5 kDa. Obviously, it is very important
to identify the genesis of each subunit for investigating its
in vivo multifunction, e.g., synthesis, distribution, response to
iron (II) or other signals. However, it seems that this issue
has not been thoroughly elucidated to date.
We have cloned a novel ferritin gene, SferH-5, from 7-day-
old soybean seedlings. The deduced amino acid sequence of
SferH-5 shares 96% homology with that of SferH-1 [7]. The
presence of cDNA encoding SferH-5 in the 25-day-old soybean
seeds was veriﬁed by RT-PCR. The ﬁve amino acid variants
distributed in the mature region were found not involved in
the highly conserved residues associated with ferroxidase cen-
ter (Fig. 1A). Recombinant premature H-5 subunit remained
to be converted from 28 to 26.5 kDa by soybean leaf extract,
and recombinant H-5/H-2 complex exhibited signiﬁcant iron
(II) uptake activity and iron (III) storage capacity. Thus, the
putative H-5 subunit has proved to be a potential participant
of the 26.5-kDa subunit of soybean seed ferritin.
A highly plausible hypothesis has ascribed the 26.5-kDa sub-
unit to a truncated 28-kDa subunit by cleavage of the N-termi-
nal 1.5-kDa fragment [5]. A fatal drawback is that the accurate
cleavage site has not been established. In conﬂict to this
hypothesis, Masuda et al. claimed that the 26.5-kDa subunit
was generated from an independent 28-kDa precursor by
cleavage of the C-terminal 16 residues [7]. In our case, His-
tagged premature H-5 subunit (32 kDa, the additional 4 kDa
was derived from N-terminal His-tagged partner) was
degraded into a 30.5-kDa derivative (data not shown) by soy-
bean leaf extract, indicating that the cleavage of the 1.5-kDa
fragment occurred in the C-terminus other than N-terminus.
Thus, the 26.5-kDa subunit was clariﬁed to be formed by the
cleavage of the C-terminal 16 residues other than the N-termi-
nal 1.5-kDa sequence.
The apparent improvement of recombinant H-5/H-2
complex in the activity of iron (II) uptake and the capacity
of iron (III) storage should be attributed to the ﬁve variant
residues distributed in the mature H-5 subunit. Among them,
T-55ﬁ S and A-161ﬁ V were also observed in other plant
ferritins (Fig. 1B), indicating they were of a conservative sub-
stitution in the long-term evolution. Conversely, S-68ﬁ G and
A-92ﬁ D were found to be of a considerably active substitu-
tion. Lobreaux et al. proposed a model of three-dimensional
structure of a pea seed ferritin [13]. In this model, inside the
surface of cavity were lined with numerous acidic, and basic
Fig. 3. Construction of two recombinant vectors, pHis6-H-5P and pHis6-H-2-H-5, used to express the premature H-5 subunit and soybean seed
ferritin-like H-5/H-2 complex, respectively. Upper, middle and lower panels, schematic diagrams of pHis6-H-5P, pHis6-H-2-H-5 and the full-length
cDNA of the novel ferritin gene SferH-5, respectively. UTR, untranslated region; TP, the sequence encoding transition peptide; EP, the sequence
encoding extension peptide; ABCD and E, the sequences encoding A, B, C and D, and E helixes; P1 and P2, primers used to clone the full-length
cDNA of SferH-5; P3 and P4, primers used to construct pHis6-H-5P; P5 and P6, primers used to construct pHis6-H-2-H-5.
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of Ala-92 by Asp (A-92ﬁ D) introduced a carboxylic acid
group in the internal storage cavity, which may be responsible
to the elevated iron (III) storage capacity of recombinant H-5/
H-2 complex. Two pea seed ferritin mutants bearing the Lys-
Rﬁ Glu or Pro-Xﬁ Ala substitution in EP (equivalent to
Lys-67 or Pro-53 in SferH-5) showed slightly higher ferroxi-
dase activity than the wild type counterpart [14]. A prominent
trait for these two mutants is impairment of both P helix (a
helix built up from 11 residues in EP region) and the link
between EP and downstream A helix. The substitution ofSer-68 by Gly (S-68ﬁ G) introduced a non-polar residue in
the center of the putative P helix, which may contribute to
the elevated ferroxidase activity of the H-5/H-2 complex by
weakening the P helix stability.
In addition, V-106ﬁ A may also be essential for the ele-
vated ferroxidase activity of recombinant H-5/H-2 complex.
In soybean seed ferritin, Tyr-107, Glu-189 and Gln-218 have
been supposed to constitute a metal-binding site [7]. Although
Tyr-134 is not a metal ligand, a hydrogen bond network
involving Tyr-34 . . . Glu-107 . . . Gln-141 is obviously pre-
served. The introduction of Ala by replace of Val-106 provides
Fig. 6. Kinetics of iron uptake by recombinant soybean seed ferritin-
like H-5/H-2 complex. Apoferritin was obtained as recombinant H-5/
H-2, and iron uptake measurement was conducted in 0.1 M HEPES-
Na, pH 7.0, containing 0.1 lM of recombinant H-5/H-2 and 0.1 mM
ferrous sulfate. Bovine serum album (BSA) and recombinant H-1/H-2
complex were used as controls. The data were obtained from three
independent experiments and expressed means ± S.D.
Table 1
Recombinant soybean seed ferritin-like H-5/H-2 complex exhibited
signiﬁcantly greater iron (III) storage capacity than previously









(III) per mol protein)
H-5/H-2 3.66 ± 0.021 4495




aTotal protein concentration was determined by BCA kit (Pierce,
Rockford, Il, USA).
bInitial iron (III) concentration at the beginning of iron saturation
experiment is 22.34 mg/l. The data were obtained from three inde-
pendent experiments and expressed means ± S.D.
Fig. 4. Preparation of recombinant premature H-5 subunit and soybean seed ferritin-like H-5/H-2 complex. (A) Recombinant premature H-5 was
analyzed by 12% SDS–PAGE. Lane 1, His-tagged premature H-5 (16 lg); lane 2, premature H-5 (8 lg); lane M, protein markers (kDa). (B)
Recombinant H-5/H-2 complex was analyzed by 12% SDS–PAGE. Recombinant H-1/H-2 complex was used as a control. Lane 1, H-5/H-2 (16 lg);
lane 2, H-1/H-2 (16 lg); lane M, protein markers (kDa). (C) Recombinant H-5/H-2 complex was analyzed by 8% native PAGE. Lane 1, horse spleen
L ferritin (Sigma; 3 lg); lane 2, H-5/H-2 (2 lg); lane 3, H-1/H-2 (2 lg).
Fig. 5. The in vitro conversion of recombinant premature H-5 from 28
to 26.5 kDa. (A) Samples were analyzed by 12% SDS–PAGE. MSEP,
a major soybean endogenous protein. Lane 1, soybean leaf extract
(10 ll); lane 2, recombinant premature H-5 (12 lg); lane 3–7, 12 lg of
recombinant premature H-5 with 10 ll of soybean leaf extract for 10,
20, 30, 45 and 90 min, respectively. (B) Kinetics of the conversion of
recombinant premature H-5 from 28 to 26.5 kDa. The Coomassie
Blue-stained SDS–PAGE gel was photographed and quantiﬁed using
Grab-it 2.5 and Gelwork 3.01 (UVP; Upland, CA, USA).
X. Dong et al. / FEBS Letters 581 (2007) 5796–5802 5801a well-suited space, and to a large extent, this facilitates Tyr-34
to interact with Glu-107. Therefore, the substitution of Val-
107 by Ala (V-107ﬁ A) may plays a considerably active role
in elevating the ferroxidase activity of recombinant H-5/H-2
complex.
In summary, we have identiﬁed a novel soybean seed ferritin
subunit, H-5, which proves a potential participant of the 26.5-
kDa subunit. Future work is necessary, for one thing, to reﬁne
the mature H-5 component from the 26.5-kDa subunit, or
alternatively, to detect its presence by immunological analysisor mass spectrometry, and for another thing, to examine
whether it is selectively expressed in response to in vivo iron
(II) or other environmental signals.
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